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ABSTRACT

This paper describes initial steps towards developing a real-time quantitative particulate solids’ (sand) monitoring system for
Multiphase flowlines based on acoustic monitoring and machine learning techniques. The concentration and the velocity of the
solids were varied during experimental trials. A conventional contact microphone mounted externally to a production flowline
bend was used for recording the emitted acoustic signal. Features extracted from the signal were used as input to Time Delay
Neural Network (TDNN) with solids concentration and velocity label to a training set. The TDNN achieved low values of
normalised root mean square error (NRMSE) for all the models compared to the classical neural network.
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1 INTRODUCTION

The presence of sand in hydrocarbon flowline presents a technical challenge crucial to the operators within the petroleum
industry[1-2], which has led to considerable research interest in acoustic monitoring of flowlines [3-5], the work presented in this
paper describes early attempts to build on the lesson learned in the oil and gas industry where a nonintrusive, real-time, on-line
measurement of sand concentration and velocity is required. Acoustic signal processing with integrated machine learning is
believed to have the potential to meet this requirement. In order to effectively process the acoustic signal, among other techniques,
feature representation of audio signals previously developed for music and speech processing applications were used to describe
the evolution of the signals in the time and frequency domains.

Nevertheless, the sand grains produced during oil and gas production often get transported to the surface alongside the produced
hydrocarbon and consequently impinge upon the wall of the production flowline, particularly at flow restriction zones where the
flow changes direction, namely a bend [6]. These impingements tend to create stress waves that are captured as acoustic signals by
the acoustic sensor mounted externally to the bend. In recent years, these signals have been used in monitoring various industrial
processes, such as condition monitoring [7-8], on-line particle sizing [9-13], slurry flow[12-13]. This paper proposes an approach
incorporating an acoustic sensor, signal processing techniques and machine learning algorithm to realise real-time measurement of
the flow characteristics of particle-laden multiphase flow. Put simply, the acoustic sensor is employed for its simplicity, non-
intrusiveness and low cost.

2 MATERIALS AND METHOD

2.1  Experimental Setup

A series of experimental tests were carried out using the GCU multiphase flow loop test facility shown in Figurel. The pipeline
layout in the loop was of mild steel internal diameter roughly 50 mm, with total length of around 12 m. The majority of the
pipeline layout was in the horizontal plane and included four 90 degree standard radius bends. The acoustic recording sensor was
installed at the bend. The tests were carried out with flow conditions having sand concentrations in the order of 3 to 44 by mass.
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Figure 1- Multiphase flow loop schematic diagram

The flow of gas through the sand feeder and the transport line was achieved using a nozzle bank and an upstream pressure control
valve. The rate of flow of sand by mass was measured using the change in mass signals from the load cells installed at the
reception tank. The location of the acoustic sensor is illustrated in Figure 2. The sand used for the experiments is the Garside 2EW
sand. This sand has an average particle size of 360.18 pm and its size distribution spread between 60 pm and 2000 um. The
transporting gas used is a compressed air supplied by two screw compressors. The compressors were capable of delivering
approximately 0.123 m/s of free air with maximum steady pressure of around 7.5 barg

2.2 Data Acquisition Setup

The signals emitted by different sand concentrations contribute to the acoustics employed in the preprocessing stage. These
signals have been conditioned by a signal conditioning circuit and thus have sufficient signal strength. The complete setup
consists of: four contact microphones mounted on the four bends; four single ended pressure transducers to record the pressure at
various locations within the layout; a temperature sensor mounted upstream to record the gas temperature; three load cells
installed on the reception tank to measure the solid mass flow rate; national instruments USB-6211 and USB-6212 data
acquisition systems — UBS-6212 for the microphones and USB-6211 for the other sensors; HP laptop with National Instruments
Signal Express software.

Figure 2 — Location of the Acoustic Sensor

The microphone location presented in Figure 2 was chosen based on the assumption that the sand particles provide the highest
kinetic energy at the bend location compared to the straight section of the flowline. Data was collected at a rate of 44100 Hz.
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2.3 Measurement flow characteristic parameters

The procedure implemented to measure the sand concentration (SC) and gas velocity is discussed in this section. Sand
concentration is determined using Equation (1). In Equation (1), m represents the sand mass flow rate whereas m, simply
represents the total gas mass flow rate.

T

sc=—= )

myg

However, the sand flow rate is calculated from the test data at steady line pressure using Equation (2)

sand mass Collected (kg)

Ms = Time (s) )
From Equation (3), the total gas mass flow m, can be determined as given:
- P
. Upstrean
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Where Pypsiream and Typseream represent the absolute upstream pressure and absolute upstream temperature respectively, NN;
represents the nozzle number for each of the nozzles in the nozzle bank and has been determined experimentally in relation to its

cross-sectional area and the discharge coefficient of the nozzle, and ¢, is a constant with a value of 0.001K 72m s Pa/bar.

However, using the gauge pressure at the transport line and the temperature measured upstream of the nozzle bank, the gas flow at
the transport line can be estimated during each of the experimental test run since the pressure acting on the sand particles in the
transport line is assumed to be in the absolute unit, then Equation (4) can be used to calculate the gas flow velocity.

— Thg
(Pyuage + 1.01325 bar) > 4)
RT
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3 SIGNAL PROCESSING

Several signal processing techniques were employed to extract relevant features from the acoustic signal in order to study the
association between the sand characteristics data in the flowline and the acoustic emissions. The following section presents a
summary of feature extraction techniques.

3.1  Structure for feature extraction techniques and Machine learning models

The acoustic signals have inherently nonstationary characteristics, however, an assumption is made that on short-time scales the
signals are stationary. Based on this assumption, the feature extraction process was decomposed to form a structure for sequential
mathematical operations that would lead to a more compact computation. The first step is pre processing of the acoustic signal by
decomposing into a small number of frames duration of 10 — 30 ms in sequence, next a hamming windowing function is applied to
reduce spectral distortions due to discontinuity at the edges of the frame [16-17].Signal transforms are used to map the
representation of the signal from one domain to another. The goal is to transform the earliest interpretation of the signal into a
shape that could be more practical for feature extraction processes[2]. The signal transforms used in this work are presented as
follows: The Discrete Fourier Transform (DFT) is an increasingly important concept in digital signal processing applications
including frequency analysis of signals and it is used to provide frequency domain representations of signals [18-19]. The Hilbert
transform provides the instantaneous frequency energy distributions with time localities [20]. The Discrete Cosine Transform
(DCT) is yet another promising technique widely and extensively used in signal processing applications due to its non-complex
nature and the coefficients are real [18-19].

Aggregation can give a better description of feature dynamics. Aggregation of features using simple summary statistics can
capture features that describe the characteristics of the signal which can be seen as an important element in the future reduction
procedure and can result in a feature vector that is compact and complete with high discriminant power [21-22].. Both the time
and frequency domains were considered in the feature extraction process: Short-Term Energy: the energy of a signal is by
definition describes its ability to perform work. It is assumed that the energy of the acoustic signal gives information about the
interaction of the sand particles with the flowline bend [23-24]. The Zero Crossing Rate (ZCR) is a weighted crossings within the
frame in the time domain i.e the number of times the signal changes form within the frame, hence ZCR can also be regarded as a
metric of uncertainty [2][17]. The Energy Entropy represents a feature useful to capture rapid transformations in the energy level
of a signal as a consequence of sand particles/inner wall/gas collisions at the flowline bend[2]. Practically, the Shannon entropy
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[25] is used on the sequence in a bid to describe the uncertainty of the frame signal energy. Notionally the energy entropy can be
elucidated as a measure of unpredictability within a system [2][26]. The Spectral Centroid of an acoustic signal defines the nexus
where most of the energy in the frequency division is accumulated. On the other hand the Spectral Spread describes a metric about
the form of the spectrum. In another sense, the spectral spread is a metric that is used to define whether the spectrum is
accumulated in the vicinity of its centroid or it is simply distributed over the spectrum[17][21]. The spectral flux is a basic
measure for rapid detection of transformations in the signal spectral structure overtime. In essence, the spectral flux captures the
fluatuation of the spectrum between two adjacent frames in the signal. The spectral Entropy (SE) is an attribute useful in the
detection of the degree of uncertainty in the signal spectrum. Moreover, It is also a metric that defines the peakiness or otherwise
the flatness of the spectrum [27-28]. Spectral Rolloff (SR) is simply an attribute that is extensively used in a variety of machine
learning applications. As an illustration, Marko [29] apply the spectral rolloff in a bid to distinguish speech acoustic signal [6].
Mel-Frequency Cepstral Coefficients (MFCC) algorithm is one of the standard techniques for acoustic characterization and is
widely used in various domains including bioacoustics identification[30] and ASR [31]. The coherency of this standardized
algorithm allows the efficient calculation of several cepstral coefficients which are usually taken as features. Additionally, it is
perceptually inspired algorithm that mimics the hearing characteristics of the human ear [32]. The resulting coefficients are used
to represent the spectral energy distribution of the signal

3.2 Artificial Neural Networks (ANNS)

Notionally the ANNSs are considered as computational models that take inspiration from the biological neurons and have been
developed since the seminal neural model of McCulloch and Pitts[2][33]. ANNs are commonly used in applications ranging from
concept learning to function approximation. Structurally, there exist interconnections between the neurons and these
interconnections have weights associated them and each neuron in the network performs a simple computation and application of
an activation function. This generates an input to any of the participant neuron in the succeeding layer [34]. The weights are
initially randomised, the process of weight modification is called learning and the method of learning used in this work is called
supervised learning. It is supervised because the network is presented with samples that have inputs and outputs. It is supervised
because the network is presented with samples that have inputs [features] and outputs [labels] during the learning phase. The
prediction models were implemented through the application of TDNN. By contrast with classical multi-layered ANN structure,
TDNN has a delay line tapped at the input. A TDNN has its input neurons modified by introducing a delay line. Such neurons will
now have their inputs multiplied by several weights, one for each delay and one for the undelayed input. However, following this
modification, the model can be used to detect the dynamics of the modelled process [35-36]. In this work a three layer TDNN has
been modelled and is depicted in Figure 3. As shown in Figure 3, it has one hidden layer of ten neurons. Each neuron in the
hidden layer has hyperbolic tangent function as the nonlinear activation function and the output neuron has a pure linear activation
function. The hyperbolic tangent function was chosen as the activation of the hidden layer simply because of it posses excellent
mathematical characteristics. The structure of the model is thus 2L 10N 1L, where L represents linear processing neuron and N
indicates nonlinear processing neurons. This TDNN structure is applied to model the non-linear temporal dependencies in the
acoustic feature vector pattern for the estimation and prediction of the gas velocity and sand concentration[6].

X1

X3

Figure 3 - A three layer TDNN
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4 RESULT AND DISCUSSION

An extensive analysis was undertaken of the signal processing and machine learning techniques, however, only one example is
presented. Results from neighbourhood component analysis, NCA, identify nine (9) features as the most relevant to form the
feature vector, which for illustration, two features, spectral centroid and spectral entropy were selected to build the prediction
models presented in this paper. For simplicity of analysis, five instances of target event belonging to five (5) different sand
particles’ concentration acoustics were considered from the test database and are shown in Table 1.

Table 1 - Database used for the signal processing experiment

SI.No | mi, (kg/s) | dp (bar) mg (kg/s) Sand Concentration (-) [SC] V gas (M/s)
1 0.0552 1.085 2.409 44 10
2 0.0623 1.062 2.207 35 11
3 0.064 0.989 1.847 29 12
4 0.0551 0.441 0.637 12 14
5 0.0653 0.208 0.198 3 18

Figure 4 and Figure 5 depict the histogram of the mean value of sequences of the selected attributes (spectral centroid and spectral
entropy) derived from the original signal. As shown in Figure 4 the spectral centroid for the SC = 3.0, 11.6 and 43.7 are noticed to
exhibit high values. This shows that the spectrum of the signals for those sand concentrations is essentially controlled by high
frequencies. However, the mere sudden aspect of the results is the higher spectral centroid value for the SC = 43.7 signal as the
high frequency band indicates suspension of the sand particles in the medium. This could be due to the fact that the flow
mechanism for that sand concentration was in quasi-suspension flow. In contrast the respective values for this statistic are
relatively lower for the other signals. Notwithstanding, taking the uncertainty of particle-laden gas flow behaviours into

consideration, these findings are therefore significant[6].
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Figure 4 - Histogram of the mean of the spectral spread segments of the acoustic signals for different sand concentrations

Spectral entropy gives an approach to detect the complicacy of a signal and invariant transformation in the signal spectrum. The
results for the histogram of the mean of the sequences for spectral entropy segments from the five signals considered for analysis
as given in Figure 4 indicates the variation of probability density as a function of the spectral entropy values, it is however
difficult to elucidate on the behaviours in terms of sand particles collision with the flowline bend. Broadly speaking, the spectral
entropy value is low for a spectrum with flat distribution whereas spectra which contain sharp peaks exhibit higher values. It can
be seen from Figure 5 that the SC = 3.0 and SC = 43.7 signal give the lowest spectral entropy value amongst the different sand
particle concentrations. This is obvious because there are uncertainties in the distribution of energy in the signal spectra.
Seemingly, these values for this statistic for the spectral entropy of SC = 35.4 and SC = 28.9 stay almost identical to that of SC =
11.6 returning a relatively high spectral entropy value and thus implying small variations in the energy distribution. Similarly, the
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pattern for SC = 43.7 and SC = 3.0 remain the same but at relatively lower spectral value. In general, these high values in the
spectral entropy provide an indication for the degree of randomness in the spectra of the signals[6].
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Figure 5 - Histogram of the mean of the spectral entropy segments of the acoustic signals for different sand concentrations

Additionally the results of the performance evaluation for the recognition of the sand characteristics data in the flowline are
presented in terms of identification accuracy described by the NRMSE.

Table 2 - Performance of TDNN method for sand concentration and gas velocity models

Sand Concentration (-) V gqs (M/s)
NRMSE 0.17 0.16

In order to test the efficiency of the model with the selected features, the results are presented in terms of the NRMSE and are
tabulated in Table 2. These results indicate that the TDNN model has potential for the gas solid flow behaviour recognition based
on acoustic signal measurement at a bend in a multiphase flowline.

5 CONCLUSION

The combination of the signal processing techniques and the machine learning approach has offered a powerful method for online
quantitative monitoring of solid particulate materials in a gas flowline. In addition the signal processing methods are critical in
this approach and provide a methodology which allows the acoustic data to be reduced into such a form that the machine learning
method can easily work with. These methods forming the basis of the feature extraction are computationally efficient. Other than
the practical methodology, the most important conceptual innovation of the present research is the consideration for Time-Delay
Neural Networks (TDNN) - a variation of classical neural networks prepared to accommodate dynamics in flow mechanism, as
the predictive model. The TDNN model has the ability to learn complex nonlinear decision surface. The performance of the
TDNN over testing data from the solid characteristics in the flowline has been extensively evaluated. Results obtained
demonstrate that with the classical ANN, the error NRMSE is 0.29 and 0.46 for the sand concentration, and gas velocity
respectively. With the TDNN model, the NRMSE is 0.17 and 0.16 for the sand concentration and gas velocity respectively. In
comparison with the ANN model, the TDNN model has better performance as the NRMSE values are lower for all the models for
the measurands. The power of the TDNN lies in their ability to develop shift invariance for making optimal decisions. This could
go a long way in helping to overcome the representational weakness of other conventional recognition systems faced with the
uncertainty and variability in real-world data.
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